initiated in phase 1 (phase 2). The T cell-derived cytokines of phase 2 activate various inflammatory mediators, cytotoxic T cells, and natural killer cells which culminates in the destruction of the host tissues (phase 3).
Mature T helper cells polarize into two subsets with contrasting and cross-regulating cytokine profiles, including type 1 (IL-2, IFN-␥) and type 2 (IL-4, IL-10). 9, 10 The secretion of type 1 cytokines is generally associated with activation of macrophages, inflammatory cytokine production, and the activation of cytotoxic T cells and natural killer cells, whereas the secretion of type 2 cytokines is associated with the down-regulation of cell-mediated immune responses. 11 Although the differential activation of these two subsets, type 1 T helper (Th1) and type 2 T helper (Th2) cells, has been implicated in murine models of GVHD, 12 it is unclear whether the Th1/Th2 paradigm is relevant to human clinical GVHD.
Because of the extreme heterogeneity of the course of GVHD development among different BMT recipients, we performed a longitudinal analysis of constitutive cytokine expression in PBMC samples collected from the same patient at different time-points during the progression of the disease. Patients who received a donor lymphocyte infusion (DLI) for treating the recurrence of leukemia after alloBMT, were intensively analyzed since these patients were relatively free from influences of irradiation, chemotherapy and major infections. We analyzed the expression of cytokine genes (IL-1␤, IL-2, IL-2R, IL-4, IL-5, IL-8, IL-10, IL-12, IFN-␥ and TNF-␣) using a semi-quantitative reverse transcription PCR (RT-PCR) assay system. This analysis offered an opportunity to observe changes in the pattern of cytokine gene expression occurring over time in the same individual.
Materials and methods

Patients
Three patients who received DLI for the treatment of relapsed leukemia after alloBMT from HLA-matched sibling donors were selected in the present study. Patient 1 was a 30-year-old male with AML, M2. Although he received extensive chemotherapy, he did not achieve CR. BMT was then performed. A relapse was observed after 120 days. At this time, 40.7% of the cells in the bone marrow were blastic cells. He was treated with re-induction chemotherapy, but about 1% of the blastic cells remained. He was then treated with three DLIs (a total of 2.4 × 10 8 T cells/kg) and developed acute GVHD, which affected the skin and gastro-intestinal tract. Patient 2, was 22-year-old female with AML, M2. After her first CR by combination chemotherapy, BMT was performed. Her disease relapsed after 150 days with 69.2% of blastic cells in the bone marrow. Although she received one course of re-induction chemotherapy, 1% of the blastic cells remained. For the treatment of residual disease, she received three DLIs (a total of 4.9 × 10 8 T cells/kg) and developed acute GVHD, which affected the skin and liver. Patient 3 was a 20-year-old male with ALL, L2. AlloBMT was performed during the second CR period. Cytogenetic relapse was observed 60 days after BMT. Immunosuppressive therapy was immediately discontinued and he was given three DLIs (a total of 2.5 × 10 8 T cells/kg) and developed GVHD, which affected the skin and liver, along with sicca syndrome. None of the patients had a hepatitis B or C viral infection or other major infections during the observation periods.
Mononuclear cell culture
PBMC from healthy donors and patients were isolated from heparinized fresh blood using Ficoll-Paque gradient centrifugation. To obtain positive controls for the expression of different cytokines, a mixture containing mononuclear cells of a healthy donor at a density of 5 × 10 6 cells/ml was cultured with one of three stimulants in RPMI-1640 medium, supplemented with 10% FBS for 18 h. For IL-2, IL-2R, IFN-␥, IL-4, IL-5, and IL-10, the stimulant was phytohemagglutinin (PHA, 10 g/ml), for IL-1, IL-8, and TNF-␣ it was lipopolysaccharide (LPS, 1 g/ml), and for IL-12, it was Staphylococcus aureus Cowan-I (SAC, 0.0075%). Cells were harvested and washed twice with PBS, and then total RNA was extracted.
Analysis of cytokine mRNA
Total RNA was extracted from the isolated PBMC using TRIzol (Life Technologies, Gaithersburg, MD, USA). One g of each total RNA was then reverse transcribed using a random hexamer and a SuperScript pre-amplification system (Life Technologies). An aliquot of 1/20th of the resulting cDNA was used for semiquantitative PCR. The primers used for amplification are shown in Table 1 . Selection of primers was performed using the GeneWorks software program (IntelliGenetics, Mountain View, CA, USA). The cDNA was amplified in 50 l of PCR buffer containing 1.5 mm MgCl 2 , and 200 nm dNTP using Ex-Taq DNA polymerase (TaKaRa, Kyoto, Japan). The appropriate annealing temperatures for specific primers, and different numbers of cycles of amplification were selected for the different cytokines. Other conditions were the same in all PCR reactions. After an initial denaturation for 3 min at 94°C, each cycle consisted of denaturation for 10 s at 92°C, annealing for 30 s and extension for 60 s at 72°C. A 10 l aliquot of amplified products was then analyzed on a 2% Metaphor agarose gel. Visualization and incorporation of the gel image was performed using an ImageMaster VDS (Pharmacia Biotech, Uppsala, Sweden) after ethidium bromide staining. IFN-␥, IL-1␤, TNF-␣, and GAPDH could be detected in this way. The images obtained were analyzed by Phoretix software program (Phoretix, Newcastle upon Tyne, UK) to obtain densitometric data. PCR of serial two-fold dilutions of positive control cDNA was performed to obtain a standard curve for the expression of each cytokine. Based on the standard curve, the relative expression level of each cytokine in each sample was calculated and corrected by the GAPDH expression level in the respective sample.
Southern blotting
After ethidium bromide staining, the amplified cytokine gene products (IL-2, IL-2R, IL-4, IL-5, IL-8, IL-10, IL-12) were detected by Southern blotting. Briefly, the gels were alkaline denatured and the PCR products were then transferred to a nylon membrane (Boehringer Mannheim, Mannheim, Germany) using 10× SSC buffer. The membrane was then crosslinked using a UV cross linker (UV Stratalinker 1800; Stratagene, La Jolla, CA, USA). The membrane was pre-hybridized at 68°C for 1 h and hybridized overnight at the same temperature with a digoxigenin-labeled probe for each cytokine. To prepare the hybridization probes, positive control cDNA was amplified and labeled using a digoxigenin-labeled dNTP mix (Boehringer Mannheim). Primers for the probes are localized within the respective cytokine gene sequences amplified by the sample amplification primers ( Table 2) . The membrane was then washed and the bands were detected using substrate CDP-star (Boehringer Mannheim), according to the manufacturer's protocol. The bands were visualized and chemiluminescent signals were measured using a Luminograph (LB 980, EG&G, Berthhold, Germany). The relative expression level of each cytokine gene was calculated and corrected by the GAPDH expression level in the respective sample.
Results
Expression of cytokine genes in PBMC from normal subjects
The expressions of cytokine genes in PBMC from six normal healthy donors are shown in Figure 1 . To quantitate the expression levels, the expressions of these cytokines in serial two-fold dilutions of stimulated PBMC of a healthy donor are also shown. Significant expression of Th1 cytokines (IL-2 and IFN-␥) and IL-2R␣ was not detected in any of the normal controls by this assay. Among the Th2 cytokines, IL-4 and IL-10 were detectable at various levels while IL-5 was not detectable in the normal controls. Among the monokines, IL-1␤ and TNF-␣ were detectable in all six normal controls. IL-8 was detected at various levels and IL-12 was barely detectable. 
Table 2
Primers for hybridization probes IL-2  TTTACATGCCCAAGAAGGC  CCCTTTAGTTCCAGAACTATTACG  IL-2R  ATGCAGCCAGTGGACCAAG  GCTCTCAGCAGGACCTCTGT  IL-4  CTTCCCCCTCTGTTCTTCCT  TTCCTGTCGAGCCGTTTCAG  IL-5  TTGCTAGCTCTTGGAGCTGC  CCACTCGGTGTTCATTACACC  IL-8  AACATGACTTCCAAGCTGGC  GGGTGGAAAGGTTTGGAGTA  IL-10  TTCCATTCCAAGCCTGACC  AATAACAAGCTGGCCACAGC  IL-12 AAGAATTCTCGGCAGGTGG GGATCAGAACCTAACTGCAGG
Cytokine Primers
Expression of Th cytokines in DLI-induced GVHD patients
The levels of IL-2, IL-2R␣ and IFN-␥ gene expression were significantly increased in three DLI-treated patients compared with normal subjects (Figure 2) . However, the pattern of cytokine gene expression differed in each patient.
In the first patient, the expression levels of IL-2, IL-2R␣, and IFN-␥ were already high before DLI (Figure 2 , first column). IL-2 and IL-2R␣ expressions reached their maximum levels when the clinical symptoms of acute GVHD were most severe (grade III; skin 1, gut 2), and prednisolone (PSL) (60 mg/day) therapy decreased the expression and improved the clinical symptoms. IFN-␥ levels were high throughout this observation period, but their relation to GVHD symptoms was unclear. Expression of IL-4 was clearly decreased as compared with that in the normal subjects throughout the clinical course, which con- trasts with the high Th1 cytokine expression in this patient ( Figure 3, first column ). An increase in IL-10 expression was noted around the onset of GVHD.
In the second patient, the expression of Th1 cytokines showed more dynamic changes (Figure 2 , second column). IL-2 gene expression was within normal levels before DLI but sharply increased 2 weeks after the first DLI. This was accompanied by progression of acute GVHD grade III (skin 3, liver 3), which were confirmed by biopsies. IL-2 gene expression reached the maximum level on day 42. Expression of IL-2R␣ changed similarly. IFN-␥ expression was also clearly higher after DLI. After the start of methyl-PSL pulse therapy (1 g/day), the levels of expression of these cytokines were decreased (Figure 2 , second column) and simultaneously the clinical condition of the patient was improved. As the dose of PSL was reduced, however, the levels of the cytokine gene expression started to increase again. The level of IL-4 expression decreased with the progression of GVHD. The change in IL-4 expression seemed to be inversely related to the change in IL-2 expression. The minimum expression of IL-4 occurred on day 42 when IL-2 expression was maximum (Figure 2 second column, and Figure 3 second column) . The level of IL-5 gene expression in this patient sharply increased at the onset of GVHD, but was rapidly reduced after the pulse therapy. We also noted a marked increase in serum IL-5 level in this patient. 13 The expression level of IL-10 did not significantly change during her clinical course.
In the third patient who showed a chronic type GVHD with sicca syndrome and liver damage, the kinetics of IL-2 gene expression were different from those in the other two patients (Figure 2, third column) . An increased level of IL-2 was observed immediately after the first DLI. The level of IL-2 expression was decreased at the onset of the GVHD on day 46. The expression of IL-2R was detectable, but showed little change. IFN-␥ expression gradually increased during the DLI and development of GVHD. Relatively high levels of IL-4 expression were observed. A significant increase in IL-10 expression and a decrease in IL-2 expression were noted on day 46 with the appearance of 0  14  21  37  49  61  70  77  7  -50  19  26  29  42  48  71  11  78  -57  0  7  46  53  1 clinical symptoms of GVHD (Figure 2 third column, and Figure 3 third column).
Expression of monokines in DLI-induced GVHD patients
IL-1␤ and TNF-␣ levels were in the normal range or decreased during the clinical courses of the three patients ( Figure 4) . A transient increase in the IL-8 level was observed in all three patients. IL-12 gene expression tended to increase during the development of GVHD in the second and third patients.
Discussion
The expression levels of Th1-type cytokines, IL-2 and IFN-␥ greatly increased during the development of GVHD Bone Marrow Transplantation induced by DLI in the three patients examined in this study ( Figure 2 ). These data are in accordance with earlier studies in murine models of GVHD. 14, 15 The correlation of IL-2 gene levels with GVHD development was especially evident. High levels of soluble IL-2R have been demonstrated in patients with acute GVHD, 16 and anti-IL-2R antibodies have been effective in treating GVHD. [17] [18] [19] [20] However, several studies of IL-2 in humans failed to show an alteration in IL-2 expression at either the protein level or the mRNA level 21, 22 and only one study detected IL-2 expression more frequently in patients with acute GVHD than in those without GVHD. 23 Thus, our report is the first to show a quantitative alteration in the levels of IL-2 gene expression during the development of clinical GVHD. Our finding of IL-2 mRNA in GVHD patients may be in part due to the higher sensitivity of the assay system: PCR combined with South- 0  7  14  21  37  49  61  70  77  -50  11  19  26  29  42  48  71  78  -57  0  7  46  53  1 ern blotting and detection. However, it is important to note that the use of an immunosuppressive drug such as cyclosporine or a steroid hormone, which reduces the expression of IL-2, was delayed until clinically significant GVHD was observed. Thus, these DLI-treated patients provided a valuable opportunity to observe the natural course of cytokine production during GVHD. Moreover, analysis of multiple time-points during the clinical courses showed when the changes in cytokine production occurred. Although all three patients showed increased levels of IFN-␥ expression, GVHD progression seemed to correlate less well with IFN-␥ expression than with IL-2 expression (Figure 2 ). Several studies have reported increased IFN-␥ expression in BMT patients, [21] [22] [23] but an association of IFN-␥ expression with GVHD has not been well established. Moreover, conflicting results on its role in GVHD have been obtained in different experimental systems. [24] [25] [26] A study using a murine GVHD model has suggested that there are antagonistic effects between Th2 cells and Th1 cells in acute GVHD. 27 Other studies using murine GVHD models have found that Th2 cytokines are predominant in chronic GVHD. 12, 14 Our kinetic analysis revealed that the level of IL-4 decreased while that of IL-2 increased with the development of GVHD in patients 1 and 2 ( Figures 2  and 3 ). Tanaka et al 28 also noted that IL-4 expression was suppressed in patients with severe acute GVHD. This inverse correlation between IL-2 and IL-4 might reflect Th1 dominance during acute GVHD. Increased levels of IL-10 mRNA were found in two patients, as was previously found in human and murine acute GVHD. 14, 15, 22 In human GVHD, increased serum IL-10 levels were associated with severe GVHD. 29, 30 Although increased levels of TNF-␣ and IL-1␤ expression have been implicated in the development of GVHD, 8, 21 such increases were not observed in PBMNC from the three patients in this study (Figure 4) . The low TNF-␣ and IL-1␤ expressions in our patients may be partly the result of their not receiving any high-dose chemotherapy or irradiation, which are known to induce proinflammatory cytokines, 31, 32 during the DLI treatment periods. The transient increase in IL-8 mRNA levels that we observed in each of the three patients ( Figure 4 ) is interesting because a transient increase in serum IL-8 level has been correlated with veno-occlusive disease of the liver and acute GVHD. 33 Further studies of this change are needed. In summary, we have demonstrated the occurrence of cytokine dysregulation, especially the predominance of Th1 type cytokines, in the development of human GVHD induced by DLI. Although levels of IL-2 mRNA were correlated with GVHD progression, serum IL-2 levels were too low to be measured and measurement of IL-2 mRNA by our method is time-consuming and requires extensive labor. Thus, for the further assessment of cytokine profiles, both a quick and sensitive assay system such as a recently developed real-time quantitative PCR system 34 and a larger number of clinical samples are needed.
